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Mutation rates of human immunodeficiency virus type 1 (HIV-1) genomes have been estimated using puri-
fied reverse transcriptase or single-round infection system. Since small sequences were used as templates, the
overall mutation rates could only be extrapolated and the biological significance of mutations is unknown. For
direct estimation of HIV-1 mutation rates and understanding of the potential biological influences of muta-
tions, we obtained 19 complete or nearly full-length proviral genomes from single-round-infected adherent cells
of lymphocytes by using a lambda phage library method and a long-range PCR technique. Analysis of 160,000
bp of sequences showed that the overall mutation rate of HIV-1 genomes was 5.4 � 10�5 per base per
replication cycle. On average, 1.1 mutations (range, 0 to 3) were generated in each viral genome during one
infection cycle. Inspection of the mutations in the HIV-1 genome revealed that all site mutations within
protein-coding regions were nonsynonymous mutations. Among all mutations, half were deleterious (prema-
ture stop codon and deletions) and would result in defective genomes. By applying the same system to an HIV-1
genome with a G262A mutation in the thumb region of the reverse transcriptase, a significant increase was
observed in deletion and insertion mutation rates but no increase in the overall mutation rate in viral genomes
was found.

Genetic variation among human immunodeficiency virus
(HIV) isolates is extensive. The highly error-prone reverse
transcriptase (RT) is the primary reason for the high levels of
genetic variation in HIV (6, 16, 29, 32, 41–43). High yields of
virus production and a short viral-replication cycle also con-
tribute to the mutation frequency in the HIV genome (14, 39,
46). On the basis of genetic variation and positions in the
phylogenetic tree, HIV type 1 (HIV-1) has been divided into
three groups (M, N, and O). Among them, group M viruses are
most prevalent and responsible for the global AIDS epidemic.
They have been further divided into 9 subtypes and 15 circu-
lating recombinant forms (22; http://hiv-web.lanl.gov/content
/hiv-db/CRFs/CRFs.html). The variation in amino acid se-
quences in the envelope gene among those subtypes can be as
high as 30%. This high genetic variability has become a major
obstacle to the development of a broadly protective AIDS vac-
cine and has caused difficulties in gene-based viral detection
and viral load measurement. In addition, the variation in ami-
no acid sequences within an infected individual can be as high
as 20% (44). This high level of genetic variation is one of the
main reasons for the rapid emergence of resistant viral strains
during antiretroviral therapy and immune escape mutants in
infected individuals. Therefore, it is imperative to study and
understand mechanisms of viral mutation and to determine
how mutations affect viral biology, drug resistance, and vaccine
development.

Mutation rates in HIV-1 genomes have been studied in two

systems. One is an in vitro system in which purified RT was
used for primer extension of short RNA or DNA templates
(2–4, 17, 19, 41, 42). Many factors, including the purity, source,
and concentration of RT, the deoxynucleoside triphosphate
pool, and other components in the reaction, influence the RT
mutation rate in this system. The other system is a single-round
viral-replication method (21, 28–30, 33, 38). The mutation rate
is studied by determining cDNA sequences after reverse tran-
scription in live cells and is generally not affected by the factors
that affect the previously described system. Since these two
systems are very different, a wide range of mutation rates has
been reported. On average, reported mutation rates are high
with purified HIV-1 RT (3� 10�4 to 6 � 10�4) and 10- to 20-
fold lower with the single-round infection system (3.4 � 10�5 �
10�5). All previous studies used small DNA or RNA templates,
and the overall mutation rate for the complete viral genome
could only be extrapolated (2–4, 17, 19, 21, 28–30, 33, 38, 41,
42).

When RT fidelity is studied using partial viral or nonviral
gene fragments, it is difficult to fully understand how these mu-
tations affect the biological function of viral genes. To more ac-
curately estimate the viral mutation rate, we have used either
the lambda phage library method or the long-range PCR tech-
nique in a single-round infection system to obtain and analyze
complete and near-full-length HIV-1 genomes. We sequenced
a total of 160,000 bp from 19 viral genomes and calculated the
mutation rate to be 5.4 � 10�5 per base per replication cycle,
which is equivalent to 1.1 mutations in each genome per infec-
tion cycle. Inspection of mutations showed that all site muta-
tions in the protein-coding regions were nonsynonymous muta-
tions and that half of the mutations were deleterious. This study
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is the first to directly examine the mutation rate of the HIV-1 ge-
nome by analyzing complete and near-full-length viral genomes.

MATERIALS AND METHODS

Selection of Gpt-resistant cell clones. The selection of guanosine phosphori-
bosyl transferase (Gpt) gene-resistant cells was carried out as previously reported
(8). Briefly, the R7/3-gpt clone (the env gene was deleted and replaced with
simian virus 40-gpt) was cotransfected with an amphotropic murine leukemia
virus-env expression vector into 293T cells. HeLa cells (MAGI) were infected
with the pseudovirions and selected for Gpt-resistant colonies in selection me-
dium (Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum, 20
mM HEPES, 14 �g of hypoxanthine/ml, 250 �g of xanthine/ml, and 50 �g of
mycophenolic acid/ml). A total of 5,000 colonies were selected from a 100-mm-
diameter petri dish and expanded in a T75 flask for 10 days.

Cloning and sequencing of complete HIV-1 genomes from Gpt-resistant cells.
Genomic DNA was extracted from expanded Gpt-resistant cells through the use
of a Qiagen blood and tissue kit (Qiagen Inc., Valencia, Calif.) and digested with
restriction enzyme XbaI. The 10- to 20-kb genomic DNA fragments were col-
lected from a sucrose gradient (10 to 40%), purified with phenol-chloroform, and
cloned in preprepared lambda phage DASHII XbaI arms (Stratagene, Cedar
Creek, Tex.). The positive plaques were screened by hybridization with a BH10
full-length genome probe and purified three times using a plaque-to-plaque
purification method. The HIV-1 genomes were subcloned into the pBluescript
3.1 vector at the XbaI site. A primer walking method and an automatic ABI 377
sequencer (Applied Biosystems Inc., Foster City, Calif.) were used to sequence
the entire HIV-1 genomes on both strands.

Construction of a green fluorescent protein (GFP) proviral clone. To study the
viral mutation rate in lymphocyte cell lines, we established a new reporter gene
system by cloning enhanced green fluorescent protein (EGFP) genes in place of
approximately 1,000 bp of the beginning of the coding region of gp120 within the
HIV-1 molecular clone pNL4-3. Two PCR products were generated using Deep
Vent polymerase (New England Biolabs, Beverly, Mass.). The 5� fragment con-
sisted of the region of HIV-1 NL4-3 from the unique SalI site to the beginning
of the env gene open reading frame, and the 3� fragment consisted of the EGFP
gene amplified from pEGFP-N1 (Clontech, Palo Alto, Calif.), including the
Kozak sequence upstream of the EGFP start codon. An NheI site was introduced
at the 3� end of the EGFP open reading frame and used for cloning into pNL4-3.
A stop codon was introduced at the 5� end of the EGFP gene in frame with the
upstream partial vpu gene to prevent fusion with the unused parallel open
reading frame present in the EGFP sequence. The two PCR products were
joined by PCR sequence overlap extension to create a 1,165-bp fragment that
was cloned directly into pNL4-3, replacing the original 1,465-bp pNL4-3 SalI-
NheI fragment. The resulting construct, pNLEnvGFP2, expresses EGFP but
lacks Env and Vpu expression. The vpr gene was inactivated by replacing the
PflMI-EcoRI vpr deletion fragment from pNLpuro�vpr (25), yielding the final
construct pNLEnvGFP2�vpr.

Establishment of Jurkat and THP-1 cell lines that a carry pNLEnvGFP2�Vpr
proviral genome. Plasmids pNLEnvGFP2�vpr and pVSV-G (vesicular stomatitis
virus glycoprotein) were transfected together into 293T cells to produce pseu-
dotyped infectious viruses. Viruses were harvested from the cell culture super-
natant at 48 h and used to infect Jurkat or THP-1 cells in the presence of 10 �g
of Polybrene/ml. Virus replication was limited to a single round of infection,
owing to the lack of de novo Env production within the infected target cells.
Infected Jurkat and THP-1 cells were identified by EGFP fluorescence analysis
performed using a FACStarPlus apparatus (BD Biosciences, San Jose, Calif.),
and individual cells were cloned (using the automatic cell deposition unit single-
cell-sorting feature of the FACStarPlus) into 96-well round-bottom plates. The
cells were maintained in RPMI 1640 supplemented with 2 mM L-glutamine,
100 U of penicillin/ml, 100 �g of streptomycin/ml, 10% heat inactivated fetal
bovine serum, and 57 �M �-mercaptoethanol. After the colonies were grown in
cultures for approximately 3 weeks, colonies positive for GFP expression were
identified by fluorescence microscopy or flow cytometry and production of
HIV-1 Gag antigen (p24) was confirmed. Four Jurkat and three THP-1 cell
clones were selected for sequence analysis.

Long-range PCR amplification. Genomic DNA from expanded cells was ex-
tracted with a Qiagen blood and tissue kit (Qiagen Inc.). Near-full-length HIV-1
genomes were amplified (using 0.2 �g of DNA from each cell line) with the
primers UP1A (5�-AGTGGCGCCCGAACAGG-3�) and LOW1 (5�-CACAAC
AGACGGGCACACACTAC-3�) as previously described (9, 10). To avoid PCR
error in any particular PCR amplification, ten PCRs were performed and com-
bined for each sample. Nested primers UP2 (5�-GAGCTCTCTCGACGCAGG
AC-3�) and LOW2 (5�-TGAGGCTTAAGCAGTGGGTTCC-3�) were used to

obtain enough PCR products for direct sequencing in cases in which the PCR
yield was low in the first round. Expand High Fidelity PCR system enzyme mix
(Roche Molecular Biochemicals, Indianapolis, Ind.) was used to minimize mis-
incorporation during PCR amplification. The combined PCR products were
directly sequenced as described for the lambda phage clones.

Construction of a RT mutant. A two-bp mutation (GG to CA) was introduced
into the complementary primers G262A� (5�-GTTAGTGGCAAAATTGAAT
TGG-3�) and G262A� (5�-CCAATTCAATTTTGCCACTAAC-3�). The muta-
tion changed the Gly (GGG) codon to the Ala (GCA) codon. Primers PA
(5�-CCAGAGGAGCTCTCTCGACGCA-3�) and PB (5�-CCATCCCCTAGCT
TTCCCTGA-3�) were located outside of the BssHII and NdeI sites in the R7/
3-gpt genome. To construct the RT mutant, two PCRs were performed with
primers PA/G262A� and PB/G262A� (with R7/3-gpt as the template) in a total
volume of 100 �l containing 20 mM Tris HCl (pH 8.0), 10 mM KCl, 10 mM
(NH4)2SO2, 0.1% Triton X-100, bovine serum albumin (0.1 mg/ml), 0.2 mM
deoxynucleoside triphosphate, 10 ng of template DNA, 20 pmol of each primer,
and 2.5 U of PFU polymerase (Stratagene, La Jolla, Calif.). The thermocycling
conditions were as follows: one cycle of 94°C for 3 min and 30 cycles of 94°C for
30 s, 55°C for 30 s, and 72°C for 1 min. For the second-round PCR, 1 �l of PCR
product from each PCR and the PA and PB primers were used to connect the
two PCR fragments under the same thermocycling conditions (with the exception
of a 2-min extension at 72°C). We used high-fidelity enzyme (PFU) and 20 ther-
mocycles during the PCR amplification to minimize misincorporation. The final
PCR product was isolated from an agarose gel, digested with BssHII and NdeI,
and ligated into the R7/3-gpt proviral clone. The insertion was confirmed by
sequence analysis.

Inverted PCR amplification. Genomic DNA (3 �g) was digested with PstI in
a volume of 60 �l for 3 h at 37°C. The enzyme was inactivated at 65°C for 10 min.
A total of 15 �l of the reaction mixture was subsequently self-ligated with T4
DNA ligase overnight at 16°C. The ligated DNA and two nested primer pairs (for
first-round PCR, primer pair gagA [5�-ATCACCTAGAACTTTAAATGCATG
GG-3�] and U3A [5�-AATCAGGGAAGTAGCCTTGTGTGTG-3�]; for sec-
ond-round PCR, primer pair gagB [5�-GGAGCCACCCCACAAGATTTAA-3�]
and U3B [5�-GTAGATCCACAGATCAAGG-3�]) were then used to amplify
the junction sequence between the cellular DNA and the integrated proviral
DNA. The thermocycling conditions for PCR were as follows: 1 cycle of 94°C for
3 min and 30 cycles of 94°C for 1 min, 64°C for 1 min, and 72°C for 4 min fol-
lowed by 1 cycle of extension at 72°C for 10 min. The PCR products were visu-
alized on a 0.7% agarose gel, purified with a QIAquick gel extraction kit (Qiagen
Inc.), and sequenced either directly or from molecular clones.

Data analysis. Statistical data analyses were performed using S-PLUS 6.1 for
Windows, release 1 (Insightful Corp.) (for the calculation of contingency tables),
and software written in Fortran 90 by one of the authors (T.B.K.) (for confidence
intervals). To compute the expected values of the proportions of synonymous,
nonsynonymous, and lethal mutants under the null hypothesis, we wrote a pro-
gram (in Fortran 90) to examine all possible single-point mutations in the HIV
genome. In computing the expected values, transition mutations were weighted
more heavily (by 4:1) than transversions. All genes containing the mutation were
examined for each point mutation, since there are several areas of gene overlap.
A lethal change in at least one gene was scored lethal, a nonsynonymous change
in at least one gene was scored nonsynonymous, and all others were scored
synonymous.

RESULTS

Mutation rates of the HIV-1 genome in HeLa cells. To study
the HIV-1 mutation rate on the basis of the results of complete
viral genome analysis in a single-round infection system, we
cotransfected both R7/3-gpt and pMuLV-env DNA into 293T
cells and infected HeLa cells with the pseudotyped viruses.
After selection and expansion of Gpt-resistant cell colonies,
genomic DNA was extracted, digested with XbaI, purified on a
sucrose gradient, and ligated into preprepared lambda phage
arms. Two clones and four other clones from a previous study
were included for sequence analysis (8). The full-length ge-
nomes from lambda phage clones were subcloned into pBlue-
script 3.1 vector and sequenced for both DNA strands. The six
full-length HIV-1 genome sequences were compared to the
R7/3-gpt sequence. To ensure a precise comparison between
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the transfected proviral clone and newly integrated proviral
DNA, the R7/3-gpt clone was resequenced.

The mutations of the HIV-1 genomes in HeLa cells are
summarized in Table 1. One mutation was identified in both
the Gpt1 and the M2.1 clones, while two mutations were iden-
tified in the Gpt2 clone. Among these mutations, three were
transition mutations (G to A) and one was a transversion
mutation (T to A). All site mutations resulted in either amino
acid changes or stop codons (nonsynonymous mutations).
Three other clones (M2.3, M2.B, and H12A) did not have any
mutations. No deletions or insertions were found in any clones.

To calculate the mutation rate in the single-round infection
system, three stages in the viral-replication cycle should be
taken into consideration. First, after the proviral DNA was
transfected into 293T cells the viral genome (R to R; 9,097 bp)
was transcribed by the host cell RNA polymerase II and pack-
aged into the virions. Second, viral RNA was reverse tran-
scribed by the viral RT into double-stranded proviral DNA
with complete long terminal repeat (LTR) sequences at each
end (2 � 9,633 bp). Third, the proviral DNA was then inte-
grated into chromosomes and replicated together with the host
genome during cell division. Since the fidelity of DNA poly-
merase in the host cell is approximately a millionfold higher
than that of the RT (7, 23), misincorporation in the proviral
DNA in the host cells can be neglected. Because the selective
gpt gene was under strong selection pressure, the gpt gene
sequence (459 bp) was excluded and 8,638 and 9,174 bp were
used for mutation rate estimation for RNA and cDNA ge-
nomes, respectively (Table 1). In all later calculations, selective
genes (gpt or EGFP) were deducted from the genomes se-
quenced. Mutations that occurred during plus-strand DNA
synthesis had a 50% chance of detection in this system, and the
overall mutations were detected using two-and-a-half replica-
tion steps. Therefore, a total of 22,399 bp (8,638 and 1.5 �
9,174 bp) were synthesized during one viral-replication cycle.
The RNA genome length of the other clones (M2.1, M2.3,
M2.B, and H12A) was shorter, because it contains a deletion in
the integrase gene. Its viral genome is 8,480 bp long (R to R),
and the proviral DNA length is 9,021 bp. The total number of
base pairs synthesized is 22,012 bp per viral-replication cycle.
Therefore, the average mutation rate per base per replication
cycle is 3.0 � 10�5 [3/(22,399 � 2) and 1/(22,012 � 4)]. The
genome mutation rate per HIV-1 infection cycles is 0.67 per
genome (four mutations in six genomes).

To investigate whether each clone represented one indepen-
dent infection (especially for the clones that have no mutations
[M2.3, M2.B, and H12A]), the cellular sequences adjacent to
the viral LTR were compared. The sequences from all six
clones had unique cellular flanking sequences, and they were
all different from the sequence of the original plasmid DNA
used for transfection. This confirmed that all the clones were
from independent integration events.

Mutation rates of the HIV-1 genome in lymphocytes. The
lambda phage library method is a reliable way to study the
mutation rate of the HIV genome in a single-round infection
system, since only high-fidelity DNA polymerase is used to ob-
tain the entire proviral genome. However, this method is time
consuming and labor intensive. Recently, we used the long-range
PCR technique to obtain near-full-length HIV-1 genomes for
the study of viral variation and evolution (9–12). Only 191 bp
of the HIV-1 genome is missing in the amplified PCR product.
We tested whether the same method could be used to quickly
evaluate the nature and rate of mutations of the HIV-1 ge-
nome in lymphocyte cell lines, since most previous studies of
RT mutation rates were performed on adherent cells (HeLa)
that are not the HIV-1 target cells in vivo (28–30, 33).

A selection system for single-round-infected lymphocyte
cells was established by replacing the beginning of the env gene
in the HIV-1 genome with the EGFP gene. Plasmids
pNLEnvGFP2�vpr and pVSV-G were cotransfected into 293T
cells. At 2 days later, pseudotyped viruses were harvested and
used to infect either Jurkat (T cell) or THP-1 (monocyte) cells.
Since plasmid pNLEnvGFP2�vpr did not contain the env gene,
no de novo Env protein would be synthesized after infection
and only one round of infection was completed, as seen with
our Gpt selection system. Individual cells expressing GFP were
sorted with a FACStarPlus cell sorter and seeded into single
wells of a 96-well plate. Following expansion of the clones,
GFP expression and the presence of p24 protein were con-
firmed with fluorescence microscopy and a commercial en-
zyme-linked immunosorbent assay kit, respectively.

Four Jurkat and three THP-1 cell clones were expanded,
and the genomic DNA was extracted. Near-full-length HIV-1
genomes were amplified by nested PCR amplifications. To
limit the misincorporation generated during PCR amplifica-
tion, the following steps were adopted. First, a high-fidelity
PCR system was used for PCR amplification (Expand High
Fidelity PCR system enzyme mix). This enzyme mix has high
efficiency for long-range PCR and higher fidelity than standard
Taq polymerase. Second, high copy numbers (at least 32,000
copies) of proviral DNA were used for each PCR. Therefore,
random misincorporation in any one template at the initial
PCR cycles was diluted out and was not detected by directly
sequencing of the PCR products. Third, 10 or more indepen-
dent PCR amplification reactions were carried out for each
sample and were combined before sequencing was performed.
Finally, all mutations were confirmed by additional indepen-
dent PCR amplifications (covering only the mutation regions)
and sequence analysis.

Near-full-length HIV-1 genomes from four Jurkat and three
THP-1 cell clones were sequenced, and the resulting sequences
were compared to the original pNLEnvGFP2�vpr sequence.
Three proviral genomes from THP-1 cell clones were se-
quenced, and mutations were found in all of them. THP-1.15

TABLE 1. The mutation rate of the HIV-1 genome in HeLa cellsa

Clone
Genome

lengths (in bp)
(RNA/DNA)

Nucleotide
mutation

Posi-
tion Gene Amino acid

change

No. of
substi-

tutionsb

Gpt1 8,638/9,174 G to A 8947 nef M to I 1
Gpt2 8,638/9,174 T to A 2894 pol Y to stop

G to A 5611 vif G to R
vpr W to stop 2

M2.1 8,480/9,021 G to A 2194 gag V to I
pol G to D 1

M2.3 8,480/9,021 None 0
M2.B 8,480/9,021 None 0
H12A 8,480/9,021 None 0

a The mutation rate was calculated per base per replication cycle. The gpt gene
(459 bp) was subtracted from the genome.

b Total number of mutations, 4; mutation rate, 3.0 � 10�5.
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had two single-base mutations (Table 2). THP-1.4 had a
single-base mutation and two deletions. The first deletion
(118 bp) was in the vif gene, and the second deletion (23 bp)
was in the tat/rev first exon-overlap region. Direct repeats
(ACAG and CA) were found for two deletion mutations in
THP-1.4 and THP-1.8 clones (Fig. 1), suggesting that both
deletions were the result of template misalignment between
direct repeats in the genome, as previously reported (37).
Among four HIV-1 genomes from Jurkat cell clones, two
(Jurkat.1 and Jurkat.3) were found to have two and three
base mutations, respectively, while two others (Jurkat.2 and
Jurakat.4) did not carry any mutations. No deletions or
insertions were found in the proviral genomes from the
Jurkat cell clones (Table 2).

A total of eight site mutations and three deletions were
identified in seven proviral genomes. A total of 7,837 bp were
sequenced for most of the proviral genomes, with the excep-
tion of the THP-1.4 and THP-1.8 genomes (which are 7,817
and 7,537 bp long, respectively). The EGFP gene (720 bp) was
excluded from the genomes. As described above, each viral life

cycle consists of two-and-a-half genome replication steps. For
these HIV-1 genomes, a total of 136,348 bp were synthesized.
The site mutation rate and the deletion mutation rate in lym-
phocyte cells were 5.9 � 10�5 and 2.2 � 10�5 per base per
replication cycle, respectively. The total mutation rate (site
mutation and deletion) was 8.1 � 10�5. Although this muta-
tion rate is nearly threefold higher than that observed in HeLa
cells (3.0 � 10�5), the difference was not statistically significant
(P � 0.073). The genome mutation rate in lymphocyte cell
lines was 1.6 mutations per genome per infection cycle (11
mutations in seven genomes).

Since PCR-amplified HIV genomes did not contain cellular
flanking sequences, it was impossible to determine whether
they represented independent clones, especially for the clones
that were identical to each other. To rule out this possibility,
inverted PCRs were performed to amplify the cellular se-
quences flanking the 5� LTR of the integrated HIV-1 proviral
genomes and to investigate whether each clone was from an
independent infection (5). The sequence analysis of the PCR
products indicated that all cellular sequences from the studied

TABLE 2. Mutation rates of the HIV-1 genome in lymphocyte cellsa

Clone Genome
length (bp)

Nucleotide
mutation Position(s) Gene(s) Amino acid

change
No. of

substitutionsb
No. of

deletionsc
Total no. of
mutationsd

THP-1.8 7,537 dele 5524–5823 vif, vpr, tat �100 f 1 1
THP-1.15 7,837 A to T 942 gag L to F

G to T 5381 vif C to F 2 2
THP-1.4 7,817 C to A 1766 gag A to E

del 5492–5609 vif �40g

del 5871–5893 tat, rev �8g 1 2 3
Jurkat.1 7,837 C to T 3000 pol Q to stop

G to A 5203 vif V to I 2 2
Jurkat.3 7,837 T to C 654 LTR NAh

A to T 3293 pol E to D
T to A 5282 vif L to stop 3 3

Jurkat.2 7,837 None 0
Jurkat.4 7,837 None 0

a The mutation rate was calculated per base per replication cycle. The EGFP gene (720 bp) was subtracted from the genome.
b Total number of mutations, 8; mutation rate, 5.9 � 10�5.
c Total number of mutations, 3; mutation rate, 2.2 � 10�5.
d Total number of mutations, 11; mutation rate, 8.1 � 10�5.
e Each deletion (del) was treated as one mutation for the calculation of mutation rates.
f In-frame deletion.
g Non-in-frame deletion.
h NA, not applicable.

FIG. 1. Sequence alignments of deletion mutations. The top lines represent wild-type sequences; the bottom lines represent sequences with
deletion mutations. Dashes stand for deleted bases. Direct repeats at the deletion sites are highlighted with boldface letters. The underlined bases
indicate the mismatches in the repeats.
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clones were unique. Thus, each clone indeed represented an
independent infection event.

The mutation rate of the HIV-1 genome with a mutation in
the RT gene. The mutation (G262A) in HIV-1 RT can dra-
matically increase the dissociation rate constant for templates
and primers and decrease its fidelity (1). To investigate wheth-
er the mutation in RT would result in an increase of mutations
in the single-round infection system, we used a recombinant
PCR technique to introduce a 2-bp mutation (GG to CA) at
position 262 of RT in the R7/3-gpt genome. The mutation
changed Gly to Ala in wild-type RT. The PCR product con-
taining the mutated RT was subsequently cloned into the R7/
3-gpt proviral clone at two unique restriction enzyme sites
(BssHII and NdeI). Sequence analysis of the mutated clone
(R7/3-gptG262A) confirmed the mutations, and no additional
mutation was introduced. R7/3-gptG262A and pVSV-G were
cotransfected into 293T cells, and pseudotyped viruses were
used to infect HeLa cells.

Six clones were expanded, and genomic DNA was extracted.
Since the long-range PCR technique proved to be a reliable
and much faster means for the study of mutations in a single-
round infection system, near-full-length proviral genomes were
amplified and sequenced to evaluate the nature and rate of
mutations in all six clones (Table 3). Mutations were found in
four genomes (G262A.1, G262A.3, G262A.4, and G262A.5);
two other genomes (G262A.2 and G262A.6) contained no mu-
tation. G262A.4 and G262A.5 had identical 72-bp deletions.
There were two 72-bp long direct repeats in the region, and the
mutation deleted one complete repeat. All deletion mutations
occurred at the direct repeat sites (Fig. 1).

A total of 49,022 bp were sequenced and analyzed from six
HIV-1 genomes. Given the nature of two-and-a-half genome
replication steps in each viral life cycle, the site mutation rate
per base per replication cycle was 1.6 � 10�5 (2/122,555). The
deletion and insertion mutation rate per base per replication
cycle (each deletion and insertion was treated as one mutation)
was 3.3 � 10�5. The total mutation rate was 4.9 � 10�5 (Table
3). The genome mutation rate was one mutation per genome
per infection cycle. Although the overall mutation rate in the
HIV-1 genome with the G262A mutation was similar to that in
the genome with wild-type RT (P 	 0.1), the deletion and
insertion mutation rate was significantly increased (P � 0.015).

DISCUSSION

Genetic analysis of HIV genomes has shown the extraordi-
nary heterogeneity among viral isolates (22, 34). HIV genomes
show not only high levels of genetic variability between the
different viral strains but also significant genetic variation with-
in infected individuals. Groups of closely related viruses within
an individual are termed quasispecies (15, 43). It can be envi-
sioned that such a high level of genetic divergence will have a
strong impact on viral biology, drug resistance, immune es-
cape, and vaccine development. To fully understand what the
driving force is for this high level of genetic variation among
HIV-1 genomes, HIV-1 RT has been widely studied for its
fidelity. Because different assays were used, however, a broad
range of mutation rates (3.4 � 10�5 to 6 � 10�4) has been
reported. To limit the variable factors that affect the estimation
of RT fidelity in in vitro assays, Mansky and Temin determined
that the HIV-1 mutation rate was 3.4 � 10�5 per base per
replication cycle in a single-round infection system (32). In all
previous studies, however, the mutation rate could only be
extrapolated on the basis of small viral or nonviral templates
and no information could be obtained on how these mutations
affect viral biological phenotypes. To directly estimate the mu-
tation rate of the HIV-1 genome and understand the potential
impact of mutations on viral biological phenotypes, we studied
the mutation rate of the HIV-1 genome by analyzing complete
or near-full-length genomes obtained using either a lambda
phage library method or a long-range PCR method.

We sequenced 19 complete and near-full-length HIV ge-
nomes and found at least one mutation in 12 clones. Seven
other clones contained no mutation. The number of the ge-
nomes with or without mutations were Poisson distributed.
The highest number of mutations identified in any HIV-1 ge-
nome was three. A total of 157,993 bases were sequenced, and
21 mutations (14 site mutations, one insertion, and six dele-
tions) were identified (Table 4). The locations of all the mu-
tations are summarized in Fig. 2. The overall mutation rate was
estimated at 5.4 � 10�5 per base per replication cycle (21/
391,749 bp), which was similar to the rate (3.4 � 10�5) esti-
mated by using the lacZ gene as a template in a single-round
infection system (28, 29, 32, 40). The genome mutation rate
was estimated at 1.1 mutations per genome per infection cycle

TABLE 3. Mutation rates of the HIV-1 genome with an RT mutant (G262A) in HeLa cellsa

Clone Genome
length (bp)

Nucleotide
mutation Position(s) Gene(s) Amino acid

change
No. of

substitutionsb
No. of insertions

or deletionsc
Total no. of
mutationsd

G262A.1 7,470 dele 6046–6914 vpu, env, noncoding region NAf 1 1
G262A.2 8,339 None 0
G262A.3 8,340 G to T 1264 gag V to L 1

ins (A)g 759 LTR NA 1 2
G262A.4 8,267 A to T 8939 nef R to stop 1

del 6500–6571 Noncoding region NA 1 2
G262A.5 8,267 del 6500–6571 Noncoding region NA 1 1
G262A.6 8,339 None 0

a The mutation rate was calculated per base per replication cycle. The gpt gene (459 bp) was subtracted from the genome.
b Total number of mutations, 2; mutation rate, 1.6 � 10�5.
c Total number of mutations, 4; mutation rate, 3.3 � 10�5.
d Total number of mutations, 6; mutation rate, 4.9 � 10�5.
e Each deletion (del) was treated as one mutation for the calculation of mutation rates.
f NA, not applicable.
g ins, insertion.
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(21 mutations among 19 genomes), which was similar to that
previously estimated by using small nonviral sequences as tar-
get templates (32).

The mutation rate (8.1 � 10�5) in lymphocytes in this study
was similar to that (3.0 � 10�5) in adherent HeLa cells (P �
0.073). However, the threefold-higher mutation rate in the
lymphocytes suggests different mutation rates among different
cells. Jurkat and THP-1 cells are immortalized cells and not
natural host cells for HIV-1 infection. The actual mutation
rates of the HIV-1 genome should be evaluated in peripheral
blood mononuclear cells. Recent studies showed that cells that
expressed CEM15/APOBEC3G significantly increased G-to-A
hypermutations in HIV-1 genomes (13, 26, 47). This observa-
tion strongly supports the notion that mutation rates may be
different in different cell types.

We used the long-PCR technique to amplify 13 near-full-
length HIV-1 proviral genomes from single-round-infected
lymphocyte or HeLa cells. Seventeen mutations (10 site muta-
tions, six deletions, and one insertion) were identified, and all
were confirmed by additional independent PCR amplification
and sequence analysis. With Expand High Fidelity Taq poly-
merase, a combination of multiple PCRs, the input of high
copy numbers of templates, and the confirmation of the mu-
tations by independent PCRs, the long-range PCR method

proved to be a reliable and quick method for the study of the
mutation rates of the HIV-1 genome.

Other viral proteins (NC and Vpr) have been reported to
influence viral RT fidelity and mutation rates (27, 29, 36). By
comparing Vpr� and Vpr� retroviral vectors, Mansky found
that the mutation rate in a Vpr� viral clone was fourfold higher
than that in a Vpr� viral clone (12 � 10�5 versus 3.4 � 10�5)
(29). In our system, all proviral clones contained a defective vpr
gene but the mutation rate (5.4 � 10�5) was similar to that for
a Vpr� viral vector (P � 0.081). To evaluate whether the mu-
tation rate is higher with Vpr protein when a complete HIV-1
genome is used as the template, a functional vpr gene should
be restored in our vectors to reevaluate the mutation rates.
The presence of the cellular protein CEM15/APOBEC3G was
found to severely diminish retrovirus infectivity through deam-
ination of dC3dU during the minus-strand cDNA synthesis
(13, 26, 47). The deamination led to highly biased G-to-A hy-
permutation and resulted in a high rate of defective genomes
and decreased infectivity. The HIV-1 vif gene might be able to
counteract the CEM15/APOBEC3G-mediated inhibition of
retroviral infections. However, it was not clear whether the
G-to-A hypermutation was prevented by the presence of the vif
gene. Since CEM15/APOBEC3G-negative cells (293T and
HeLa) were used for most of the experiments in this study and
all the proviral clones contained the functional vif gene, mu-
tations caused by CEM15/APOBEC3G should be negligible in
our analysis.

Near-full-length retroviral genomes and either fingerprint or
denaturing gradient gel methods (24, 35) were used to estimate
the viral mutation rate for Rouse sarcoma virus and murine
leukemia virus. Since no sequence data were obtained in these
studies, however, mutations could not be precisely located and
the biological impact of mutations could not be evaluated. By
sequencing complete viral genomes after single-round infec-
tion, we identified 14 single-base mutations. A total of 13 site
mutations occurred in the viral protein-coding regions, and all
led to amino acid changes. Among 13 nonsynonymous muta-
tions (8 nonsynonymous mutations and five stop codons), the
mutation frequencies at each position of the codons were very
similar. We found six, five, and four mutations (two extra
mutations from the gene overlap regions) at the first, second,
and third positions of amino acid codons, respectively. There-
fore, the high nonsynonymous mutation rate cannot be ex-
plained by a preference for mutations at the first and second

TABLE 4. Summary of mutations in HIV-1 genomes

Mutation Nucleotide change No. of mutations

Substitution G to A 4
A to T 3
T to A 2
G to T 2
C to A 1
C to T 1
T to C 1

Deletion �23 bp 1
�72 bp 2
�118 bp 1
�300 bp 1
�869 bp 1

Insertion A 1

Total 21

FIG. 2. Distribution of mutations in the HIV-1 genome. Asterisks indicate mutations that introduce in-frame stop codons. The deletions and
insertions are indicated by del and ins, respectively.
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positions in amino acid codons. Since (in general) about two-
thirds of random mutations lead to amino acid changes, about
8 mutations (among 13 site mutations) were expected to be
nonsynonymous mutations. This expectation is significantly dif-
ferent from what was observed in this study (P � 0.0001). The
reason why no synonymous mutation was observed is not clear.
It is possible that some synonymous mutations will be identi-
fied when more genomes are analyzed.

More than one-third of nonsynonymous mutations (5/13)
resulted in dysfunctional genes due to premature stop codons
(Table 1, Table 2, and Table 3). All six deletions (23, 72, 118,
300, and 869 bp) were either big or not in frame, and they also
led to defective genes. These deleterious mutations yielded a
lethal mutation rate as high as 52% (11/21). Many other non-
synonymous mutations were changes between very different
amino acids or at highly conserved positions. These mutations
might affect the protein conformation and/or biological func-
tions. Some of them might result in nonfunctional genes and
further increase the ratio of defective genomes.

Amino acid residues 257 to 266 are highly conserved among
retroviral pol genes and form part of an 
-helix in the thumb
subdomain that interacts with DNA (18). To investigate wheth-
er G262A mutation would increase the mutation rate in the
complete genome analysis, we replaced Gly with Ala in the
R7/3-gpt clone. We amplified and sequenced six proviral ge-
nomes from HeLa cell clones. A total of six mutations (three
deletions, one insertion, and two site mutations) were identi-
fied. In the analysis of six proviral genomes in the R7/3-gpt
genome in HeLa cells, in contrast, no deletion or insertion
mutation was detected with wild-type RT. For deletions or
insertion to occur, the primer and template need to dissociate
and realign to the template. Therefore, the presence of higher-
level deletion and insertion mutations in R7/3-gptG262A clones
could be due to the higher dissociation rate between the tem-
plate and the primer, as reported previously (1). G262A mu-
tations could increase the dissociation rate constant for the
template and primer by over 200-fold and could increase the
mutation rate by fourfold (1). In our study, however, the site
mutation rate with the R7/3-gptG262A clone (1.6 � 10�5) was
only about twofold lower than that observed with the wild-type
R7/3-gpt clone (Table 1), and the differences in mutation rates
between R7/3-gptG262A and R7/3-gpt genomes were not statis-
tically significant (P 	 0.1). More sequences are needed from
both R7/3-gpt and R7/3-gptG262A clones to clarify the discrep-
ancies between these two studies.

The G262A mutation in RT is also resistant to izovudine (1).
The results of this and other studies indicated that HIV-1
genome with drug-resistant mutations may change the muta-
tion pattern and possibly the mutation rate. Many drug resis-
tance-related mutations have been found to modify RT fidelity
(4, 20, 31, 45). Since complete genome analysis in a single-
round infection system can directly estimate the mutation rate
and potential biological influence of the mutations in the
HIV-1 genome, viruses that carry mutations resistant to RT
inhibitors can be studied in this system to understand how
drug-resistant mutations affect the nature and rates of muta-
tions and what their potential biological influence is on viral
biological phenotypes.
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